Respectively, exogenous pamamycin-607 and Afactor restored or stimulated aerial mycelium formation in 30 (67%) and 6 (13%) of 45 Streptomyces strains, and both restored or stimulated it in 5 strains (11%). Pamamycin-607 production was detected in 3 of those strains that responded to pamamycin-607. Theseˆnd-ings indicate that pamamycin-607 acts on the common regulatory system for aerial mycelium formation in Streptomyces spp. but is not a universal autoregulator. Increased or decreased antibacterial production occurred in 5 strains in association with aerial mycelium formation by pamamycin-607 or A-factor.
Actinomycetes are prokaryotes that have mycelial morphology similar to that of the fungi. Aerial mycelium formation is a dramatic morphological event in the life cycle of actinomycetes. Moreover, it is a cytodiŠerentiation process closely related to the production of secondary metabolites, such as antibiotics. 1) Several substances of low molecular weight regulate the aerial mycelium diŠerentiation in Streptomyces. In screening for an aerial myceliuminducing substance in actinomycetes, pamamycin-607, an aerial mycelium inducer, was isolated from S. alboniger. [2] [3] [4] It is a unique sixteen-membered macrodiolide with a dimethylamino group-bearing side chain. We showed that Ca 2＋ regulates aerial mycelium formation in many Streptomyces sp., 5) that calcium signal modulators inhibit aerial mycelium formation in S. alboniger, 6) and that pamamycin-607 induces a transient increase in the intracellular Ca 2＋ concentration in S. alboniger. 7) Whether pamamycin-607 is eŠective for aerial mycelium formation in other Streptomyces spp. has, however, not yet been shown. Pamamycin-607 homologues have been isolated from Streptomyces species other than S. alboniger, [8] [9] [10] but there has been no mention of their contributing to aerial mycelium formation by the producer and other strains.
g-Butyrolactones are another class of regulators. A-factor induces both morphological diŠerentiation and streptomycin production in S. griseus. 11, 12) The receptor protein of A-factor, ArpA, is the repressor that binds the promoter region of the transcriptional factor, adpA. 13) When the concentration of A-factor increases at a late stage of growth, A-factor binds the DNA-bound ArpA and releases ArpA from the DNA, thus activating the transcription of adpA. AdpA controls genes for production of streptomycin and formation of aerial mycelia. Virginiae butanolides trigger the virginiamycin production in S. virginiae with a mechanism similar to that of Afactor. 14) ArpA and BarA, virginiae butanolides receptor protein, however, have a strict ligand speciˆty. 14, 15) Hara and Beppu reported that about 15z of actinomycete strains restored streptomycin producing ability to the A-factor-deˆcient mutant of S. griseus and that the factor produced by these strains had the same Rf value as that of A-factor in thin-layer chromatography. 16 ) S. coelicolor A3(2) produces A-factor but it acts neither on morphological diŠerentiation nor antibiotic production. 17) Recently, another gbutyrolactone named SCB1 was shown to regulate antibiotic production in S. coelicolor A3(2). 18) Whether A-factor participates in aerial mycelium formation or antibiotic production therefore must be examined by exogenous administration.
The eŠects of an exogenous application of pamamycin-607 or A-factor on aerial mycelium formation and on the antibacterial activity of various Streptomyces strains, as well as the production of pamamycin-607 in strains in which aerial mycelium formation was restored or stimulated by the factor, are discussed here.
Materials and Methods
Actinomycete strains and media. The 43 Streptomyces strains shown in Table 1 were selected as those that produce pamamycins, 9, 10) those that were reported to produce or do not produce A-factor, 16) and those in which the formation of aerial mycelia is regulated by Ca 2＋ . 5) Some strains using in our laboratory were also tested. These strains were obtained from the Institute for Fermentation, Osaka (IFO), the Japan Collection of Microorganisms (JCM) at RIKEN, Saitama, Japan, and the American Type Culture Collection (ATCC), VA, USA. S. coelicolor A3 (2) and Streptomyces sp. HKI-0118 respectively were supplied by Prof. Keith Chater of the John Innes Centre, UK and Prof. Udo Gr äafe of the Hans-Kn äoll-Institut f äur NaturstoŠ-Forschung, Germany.
Inorganic salt-starch agar (ISS) medium and oatmeal agar (OMA) medium were purchased from Wako Pure Chemical Industries, Ltd. Yeast extractmalt extract agar (YMA) medium consisted of 0.4z yeast extract, 1.0z malt extract, 0.4z glucose, and 2.0z agar (pH 7.3). Glucose-nitrate agar (GNA) medium consisted of 3z glucose, 0.2z NaNO3, 0.1z K2HPO4, 0.05z MgSO4･7H2O, 0.05z KCl, 0.001z FeSO 4 , and 1.5z agar (pH 7.3).
Assay media selection for application of aerial mycelium-inducing substances. Streptomyces strains were incubated at 259 C for 7 days on the 4 kinds of agar media described above. After incubation, aerial mycelium formation was checked visually and scored as one of four grades.
Assay method for aerial mycelium-inducing substances. The paper disc method was used to examine the aerial mycelium-restoring or -stimulating activities of pamamycin-607 and A-factor. A petri dish (6 cm diameter) containing 7 ml of the assay medium shown in Table 2 was inoculated with the test organism. A paper disc (8 mm diameter) with pamamycin-607 (10 mg) or A-factor (1 mg) was placed on the inoculated agar plate, and the plate incubated at 259 C for 3 to 14 days. Four petri dishes were used for each strain.
Preparation of aerial mycelium-inducing substances. Pamamycin-607 was isolated from S. alboniger IFO 12738. EtOAc-soluble neutral and basic fractions from its mycelia were puriˆed by silica gel column and ODS-HPLC to give pamamycin-607. 19) A-factor was synthesized by the coupling reaction of ( S )-(-)-3-trimethylsilyloxymethyl-4-butanolide and 6-methylheptanoyl chloride with LDA. 20) The former compound was prepared by Mori and Chiba's enzymatic method, 21) the latter from isooctyl acrylate. The product puriˆed in a silica gel column and by TLC was conˆrmed as A-factor from its 1 H-NMR and EIMS data. 20) The enantiomeric excess was calculated as 33z based on the optical rotation of the synthetic sample (-4.39 (c＝1.18, CHCl3)) and the value reported in the literature.
20)
Production of pamamycin-607 by Streptomyces strains. Streptomyces strains, in which aerial mycelium formation had been restored or stimulated by pamamycin-607, were inoculated on to petri dishes (9 cm diameter) containing 10 ml of agar medium, on which a particular strain formed abundant aerial mycelia (Table 1) , then was incubated at 259 C. After 7 days, the cultured material was maceratedˆrst in acetone only then in 60z aq. acetone. The acetone extracts were combined and concentrated to an aqueous residue which was treated with EtOAc, pH 8. After removal of the EtOAc, the residue was put on a Sep-pak Plus silica cartridge (Waters), and the cartridge washed once with EtOAc then with EtOAc-nhexane 5:5. Pamamycins were eluted with EtOAc-nhexane-diisopropylamine 5:5:0.5. Pamamycin-607 production was conˆrmed by TLC (solvent system: EtOAc-n-hexane-diisopropylamine 3:7:0.5, detection; DragendorŠ's reagent) and FABMS (glycerol as matrix) analyses. The amount of Pamamycin-607 produced was estimated from the detection limit obtained in the TLC analysis (about a 0.1 mg mixture of pamamycin homologues) and the ratio of the [M＋1]
＋ peak-intensity in the FABMS analysis.
Antibacterial activity. Agar discs (8.5 mm diameter) were stamped out with a cork borer from those cultures in which aerial mycelia were restored or their production stimulated by pamamycin-607 or A-factor and from the control cultures. Antibacterial activities of the agar discs were examined in an agar diŠusion assay with Staphylococcus aureus IFO 12732 as the test organism. Data are means of 4-6 replications.
Results and Discussion
Assay medium selection for application of aerial mycelium-inducing substances Media in which no or few aerial mycelia formed were selected from the 4 types of agar media (Table 1 ). Many Streptomyces strains grew but did not form aerial mycelia on YMA medium, whereas they both grew and produced abundant aerial mycelia on ISS medium. In contrast, those strains which formed abundant aerial mycelia on YMA medium tended not to form them on ISS medium. Although OMA medium was less eŠective than ISS medium, 
HKI-0118 -Z [ ＋ Aerial mycelium formation checked visually was scored -(not formed), ＋ (sparse), Z (good), [ (abundant). The mark × indicates no growth.
many strains produced aerial mycelia on it. Most strains could not grow on GNA medium, and this medium was omitted. The assay media selected for the strains are listed in Table 2 .
Response to aerial mycelium-inducing substances
The respective doses of pamamycin-607 and A-factor were set at 10 and 1 mg per paper disc because in preliminary experiments the minimal eŠective dose of pamamycin-607 for S. alboniger IFO 12738 was 1 mg and that of A-factor for S. griseus JCM 5012 was 0.1 mg. The optical purity of the synthetic A-factor was not considered because the racemic A-factor has about 70z of the activity of (-)-A-factor, 16) and the dose used in this study would be su‹cient.
EŠects of pamamycin-607 and A-factor on 45 Streptomyces strains are shown in Table 2 . Pamamycin-607 restored aerial mycelium formation in 14 strains (Fig. (a)-(c) ). S. tauricus JCM 4837 had the greatest activity (Fig. (a) ), and S. caviscabies ATCC 51928 and S. cyaneofuscatus IFO 13190 both showed a clear zone of restored aerial mycelia (Fig. (b), (c) ). Pamamycin-607 stimulated aerial mycelium formation in 16 strains, onset of aerial mycelium formation occurring for 1 to 2 days in 5 strains, and the number of aerial mycelia formed was increased in 11 strains. Pamamycin-607 therefore restored or stimulated aerial mycelium formation in 30 strains (67z). These results suggest that it has the ability to switch on the regulatory system of aerial mycelium formation that is common to many Streptomyces strains.
A-factor restored or stimulated aerial mycelium formation in 6 strains (13z), but sparsely in them all 6 (e.g. Fig. (d) ). Among the 21 A-factor-producing strains, only 4 strains responded to A-factor. These strains formed aerial mycelia well in another medium (Table 1 ). These results suggest that A-factor regulatory cascade is not a principal signaling pathway in the tested conditions. Kang et al. reported that a cAMP regulatory network participates in the regulation of physiological functions in cooperation with other regulatory systems. 22) Other regulatory systems than the A-factor signaling cascade may suppress the function of exogenously applied A-factor in the above experimental conditions. Pamamycin-607 was eŠective on most of the strains with which A-factor had activity.
Five strains (11z) showed restored or stimulated aerial mycelium formation by both inducers. Findings for the S. griseus and S. viridochromogenes strains indicate that the eŠects of pamamycin-607 and A-factor are strain-speciˆc.
EŠects of calcium ion on aerial mycelium formation
Because a high concentration of calcium ion can replace the process of aerial mycelium formation by pamamycin-607, [5] [6] [7] its eŠect was examined and compared with that of pamamycin-607. Strains in which aerial mycelium formation was restored or stimulated by pamamycin-607 were cultured on the assay medium containing 10 mM CaCl2. Twenty-ˆve (83z) of the 30 strains had restored or stimulated aerial mycelium formation with Ca 2＋ , evidence that calcium ion is important for the formation of aerial mycelia in these strains. A-factor c)
Restoration group S. zaomyceticus
Aerial mycelium formation checked visually was scored w (restored),  (stimulated) or × (not aŠected). b) Pamamycin-607 production , analyzed by TLC and FABMS, was judged ＋ (produced) or -(not detected). c) A-factor production is cited from ref. 16 .
Production of pamamycin-607 by Streptomyces strains
Toˆnd whether pamamycin-607 is produced as an autoregulator in aerial mycelium formation, its production was examined in the 30 Streptomyces strains in which it restored or stimulated aerial mycelium formation. Media on which abundant aerial mycelia formed were selected (Table 1) , and the test strains incubated on them. The culture extract was analyzed by TLC and FABMS.
Only two strains other than S. alboniger IFO 12738, Streptomyces sp. HKI-0118 and S. kitasatoensis JCM 5001, produced pamamycins (Table 2) . Homologues with MWs of 593 to 663 also were produced in the two strains as in S. alboniger, 23, 24) and those with diŠerent side chain lengths were found in Streptomyces sp. HKI-0118 and S. kitasatoensis JCM 5001. Production of pamamycin-607 was ca. 16 mg W liter for S. alboniger IFO 12738, 4 mg W liter for Streptomyces sp. HKI-0118, and 0.8 mg W liter for S. kitasatoensis JCM 5001. This is evidence that pamamycin-607 is not a universal autoregulator, although it is eŠective for aerial mycelium formation in many Streptomyces strains. Ueda et al. reported the presence of the diŠusible factors that works in inter-species to stimulate sporulation and W or antibiotic production. 25) Pamamycin-607 may act as such stimulator.
EŠects of pamamycin-607 and A-factor on secondary metabolite production With S. tauricus, pamamycin-607 induced pigmentation in addition to aerial mycelium formation, indicative that it may induce secondary metabolite production. A-factor induces streptomycin production. 11) We therefore examined the eŠects of pamamycin-607 and A-factor on secondary metabolite production by antibacterial activity with S. aureus. Distinct increases or decreases in antibiotic activity occurred in 5 strains among 18 strains (Table 3) . These results indicate that these inducers aŠect secondary metabolite production. S. griseus IFO 12875 produces streptomycin. The increase in antibiotic actively with S. griseus IFO 12875 was estimated as streptomycin production by the calibration curve for streptomycin. As a result, antibiotic production was increased 3.6 times by pamamycin-607.
Because pamamycin-607 is active on a wide range of Streptomyces strains, its mode of action on aerial mycelium formation is of great interest.
